SMC and MukB complexes consist of a central SMC dimer and two essential binding partners, ScpA and ScpB (MukE and MukF), and are crucial for correct chromosome compaction and segregation. The complexes form two bipolar assemblies on the chromosome, one in each cell half. Using fluorescence recovery after photobleaching (FRAP), we provide evidence that the SMC complex has high exchange rates. This depends to a considerable degree on de novo protein synthesis, revealing that the bacterial SMC complex has high on and off rates for binding to the chromosome. A mutation in SMC that affects ATPase activity and results in exaggerated DNA binding in vitro causes a strong segregation defect in vivo and affects the localization of the entire SMC complex, which localizes to many more sites in the cell than under normal conditions. These data indicate that ATP turnover is important for the function of Bacillus subtilis SMC. In contrast, the centromere protein Spo0J and DNA gyrase showed much less exchange between distinct binding sites on the chromosome than that seen with SMC. Binding of Spo0J to the origin regions was rather static and remained partially conserved until the next cell cycle. Our experiments reveal that the SMC complex has a high, condensin-like turnover rate and that an alteration of the ATPase cycle affects SMC function in vivo, while several nucleoid-associated proteins feature limited or slow exchange between different sites on the nucleoid, which may be the basis for epigenetic-like phenomena observed in bacteria.
T he bacterial chromosome is highly compacted and has a quitedefined arrangement in the cell in those bacteria that have been investigated (1) . Compaction, replication, and transcription occur in parallel and are achieved by a multitude of DNA-binding proteins and proteins indirectly associated with the nucleoid. The condensation of the bacterial chromosome and the segregation of duplicated chromosome regions depend on several DNA-binding proteins. In Escherichia coli, the histone-like proteins HU, H-NS, FIS, and IHF play overlapping functions in chromosome compaction and bind to DNA with a preference for AT-rich sequences (2) . Bacillus subtilis contains a similar protein, HBsu, which is essential for viability and also binds with low selectivity throughout the chromosome (3) (4) (5) . These small and basic DNA-binding proteins are thought to compact DNA through tight bending via dimeric structures, but they bear no sequence similarity to histones.
Key proteins in several aspects of chromosome dynamics are SMC proteins (6) , which are conserved essential proteins throughout all domains of life. Eukaryotes contain several SMC complexes, among which cohesin bridges duplicated sister chromosomes, while condensin leads to chromosome compaction during prophase (7) , in an ATP-dependent manner (8) . SMC proteins are the central components of such complexes and have a characteristic organization: a Walker A motif at the N terminus and a Walker B motif at the C terminus. These globular domains are connected by a long coiled-coil region which contains a central hinge domain. Through antiparallel interaction, the coiled-coil region folds back onto itself. Thereby, the Walker A and Walker B motifs interact and form a functional ABC transporter-type ATPase, i.e., the head domain (9) . This overall structure is common in eukaryotic and bacterial SMC complexes, but B. subtilis SMC and E. coli MukB share only 30% sequence homology within the head domains. Cohesin, condensin, B. subtilis SMC, and MukB complexes have different biochemical properties, e.g., in terms of ATPase activity (10) (11) (12) . Nevertheless, both eukaryotic and prokaryotic SMC and MukB complexes interact with two (or more) small regulatory proteins. Deletion of either of the subunits leads to severe chromosome decondensation and segregation defects, revealing common schemes of activity for SMC proteins (7, 12) .
The bacterial SMC complex (MukBEF complex in E. coli) consists of the SMC (MukB) protein, ScpA (MukE), and ScpB (MukF) (12) . While SMC forms a dimer, ScpA and ScpB form a 2:4 subcomplex that binds to the SMC head domains (13) and appears to regulate ATPase activity and, thereby, DNA binding of the SMC dimer (14) . MukE and -F can bridge MukB heads (15) , and likewise, the kleisin subunit (homologous to ScpA) bridges cohesion heads (16) . ATP disrupts the MukEF-MukB interaction, while kleisin is cleaved to release condensin from DNA (15, 16) . The bacterial protein complexes form two (and sometimes four) subcellular centers, one (or two) within each cell half, which are essential for the proper arrangement as well as segregation of the chromosome (17, 18) . It is unclear how these condensation centers are established and how the SMC complex binds to the chromosome. DNA binding appears to involve the closing of the SMC dimer into a ring-like structure (13) , and it depends on proper supercoiling of the chromosome (19) . Higher-order structures of SMC have been inferred from atomic force microscopy (AFM) and biochemical experiments, and the MukB complex was shown to be able to bridge different DNA molecules (19, 20) . Multimeric SMC-MukB complexes could be the basis of the observed condensation centers.
Another protein required for chromosome compaction and segregation is DNA gyrase, which sets up overall negative supercoiling of the chromosome and is also essential for DNA replication (21) . Gyrase is present throughout the chromosome, but it accumulates at and dissipates from the centrally located DNA replication machinery on a time scale of a few minutes (22) . A further protein involved in chromosome segregation is Spo0J, which sets up a centromere-like structure around the origin of replication by binding to at least 8 conserved parS sequences, which are spaced in the origin-proximal region, comprising about 20% of the chromosome (23) . Spo0J belongs to the class of ParB proteins and has been shown to affect chromosome replication and segregation, in concert with Soj, the corresponding ParA protein (24, 25) . SMC is enriched at regions surrounding the origin of replication, according to chromatin immunoprecipitation with microarray technology (ChIP-chip), and Spo0J assists the loading of SMC at this region, possibly through a direct interaction (26) (27) (28) . ParB proteins have been shown to bind to specific DNA sequences and also to spread along DNA from their binding sites (29, 30) .
We wished to investigate the dynamics of the SMC complex and of other nucleoid-associated proteins in live bacterial cells. We therefore employed fluorescence recovery after photobleaching (FRAP) and investigated the B. subtilis SMC complex, Spo0J, and DNA gyrase. We found that the SMC complex shows dynamic exchange kinetics within the condensation centers, revealing that these structures turn over many times during the cell cycle. A transition-state mutation in SMC that leads to exaggerated DNA binding in vitro has a dominant-negative phenotype, indicating that dynamic binding is important for the function of SMC. In contrast, all other DNA-binding proteins showed only limited diffusion through the nucleoid, revealing that several nucleoid-associated proteins feature constrained diffusion through the chromosome.
MATERIALS AND METHODS
Cell growth and preparation. Bacillus subtilis strains were grown in S7 50 defined medium (31) complemented with 0.002% Casamino Acids. The doubling time was 93 min under our experimental conditions, i.e., slightly overlapping rounds of replication (32) . For induction of the xylose promoter, glucose was exchanged for 0.5% fructose, and xylose was added to 0.5%. For induction of the hyperspank promoter, the culture medium was supplemented with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). The antibiotics chloramphenicol (5 g/ml) and spectinomycin (50 g/ ml) were used when necessary. Overnight cultures were grown at 25°C. Daily cultures were prepared by diluting the overnight culture 1:100. These cultures were grown in a Unitron rotary shaker (Infors AG) at 200 rpm and 25°C until the exponential growth phase. For inhibition of translation, 150 g/ml puromycin was added, and images were acquired 1 h later.
Strain construction. The E1118Q mutation in SMC was generated by PCR-based site-directed mutagenesis of the plasmid pSG1729, carrying an smc gene. The following primers were used: GCCGTTTTGCGTCCTT GACCAAGTAGAGGCTGCGCTCGAC (E1118Qup) and GTCGAGCGC AGCCTCTACTTGGTCAAGGACGCAAAACGGC (E1118Qdw). After amplification, the template plasmid was degraded by DpnI at 37°C for 1 h, and the reaction mixture was transformed into E. coli DH5␣ and selected with ampicillin. The presence of the mutation was confirmed by sequencing, and the plasmid was transformed into either wild-type PY79 or strain PG92, carrying scpA-YFP. The SMC-GFP clpX mutant strain was constructed by transforming the SMC-GFP strain (PG72) with genomic DNA of a clpX::kan strain (33) .
Image acquisition. Fluorescence microscopy was performed on a Zeiss Axioimager microscope, using 100ϫ TIRF objectives with an aperture of 1.45. Images were acquired with a digital charge-coupled device (CCD) camera (Photometrix Cool Snap HQ). For staining of DNA, 4=,6-diamidino-2-phenylindole (DAPI) was applied to a final concentration of 0.2 ng ml Ϫ1 . Membranes were stained with FM4-64 (2.5 mg ml Ϫ1 ). Cells were mounted on agarose gel pads (1% agarose in S7 50 minimal medium) on object slides. FRAP analysis. For FRAP studies, a 50-mW argon laser (488 nm) was mirrored onto the specimen from above the filter plane, using the side port of the Zeiss microscope. The size of the laser beam (50 m) was generated by a pinhole inserted into the laser beam within a module that incorporated the optical wire into the side port (custom made by A&S, Munich, Germany). Only cells in which only a single focus or cell half was bleached, which continued to grow (cell extension during the experiment), and in which foci did not move out of the plane during the time of the experiment were analyzed.
Image analysis. Images of a FRAP sequence were recorded by using Metamorph 6.3 software and were subsequently analyzed by using ImageJ software, version 1.43m (W. Rasband, National Institutes of Health, Bethesda, MD [http://rsb.info.nih.gov/ij/]). In order to align a stack of images, the StackReg plug-in was used. With this tool, each slice is used as the template with respect to which the next slice is aligned, such that the alignment proceeds by propagation (34) . The gradual bleaching of the image during acquisition was compensated by normalizing the fluorescence of the bleached region to the integral fluorescence of the entire cell in the same image (35) . Background fluorescence was subtracted. To facilitate comparisons of multiple experiments with different bleaching depths and cluster intensities, the relative fluorescence intensity of the region of interest (ROI) of the image sequence was normalized again, using the relative ROI intensity before bleaching. Fits to the FRAP data points were determined using a nonlinear regression algorithm from Wolfram Mathematica 9 software, which calculates parameter estimates and their standard errors (SE). As a model, we used the monoexponential decay function f(t) ϭ A[1 Ϫ exp(Ϫt/t 0 )], with the recovery time constant t 0 and the maximum recovery amplitude A.
RESULTS
To determine the dynamics of the SMC condensation centers in live cells, we performed FRAP experiments. FRAP is a powerful technique because it is not invasive and detects time-resolved localization in live cells. A fraction of fluorescently labeled protein is bleached, which leaves the protein functional and only destroys the chromophore. Recovery of fluorescence reveals the exchange of bleached protein fusions for proteins from the nonbleached area of the cell and therefore determines exchange rates within a given subcellular space. A recovery of SMC condensation centers could be based on true exchange of bound proteins or on mere addition of newly synthesized molecules to the assemblies. The latter might be prevalent if condensation centers have a flexible number of assembled proteins, which should be reflected in a highly variable number of components in the centers within and between the cells. To determine whether the number of SMC molecules within the centers varies greatly or is rather uniform, we measured the relative fluorescence intensities of SMC-GFP foci. From 60 cells captured in 3 acquisitions, an average intensity (above background) of 41.2 relative units (RU) (standard deviation [SD] ϭ 10.8; SE ϭ 2.0) was observed, with 25 units being the lowest value and 55 units being the highest value (data not shown). Thus, condensation centers, on average, vary in size by 25%, revealing a relatively constant number of bound molecules. For a continuously growing number of molecules in the centers, fluorescence would be expected to recover gradually with the progressing cell cycle, whereas recovery faster than the time of the cell cycle would imply continuous exchange dynamics. Cells were grown in a medium in which the cell cycle takes about 93 min (overlapping rounds of replication) (32); the cell cycle slowed down under the microscope (due to oxygen limitation), but cells continued to grow for several doubling times, showing that bleaching and image acquisition did not disturb the physiology of the cells. All fluorescent protein (FP) fusions employed functionally complemented the wild-type proteins (ScpA-YFP [17, 18] , SMC-GFP [13, 18] , Spo0J-GFP [36, 37] , and GyrA-YFP [22] ) and were expressed under the native promoter (except for GFP-Mbl), as the sole source of the protein. We generally bleached half a cell, using a 488-nm argon laser, and monitored the recovery of fluorescence in the bleached cell half. For FtsZ-CFP and GFP-Mbl, we bleached a spot of only about 1 m, with the center of the spot being outside the cell; this way, only half an FtsZ ring or one side of an Mbl filament, and much less than one cell half, was bleached.
FRAP kinetics were determined by measuring the fluorescence intensities of the bleached ROI over time. Due to the general bleaching of the images caused by image acquisition, normalization of the fluorescence intensities was required. Therefore, the gradual bleaching of the image during acquisition was compensated by normalizing the fluorescence of the bleached region to the integral fluorescence of the entire cell in the same image. Because the foci/chromosome regions had different fluorescence intensities before bleaching and the bleaching depth changed within every experiment, the relative fluorescence intensity of the ROI of the image sequence was normalized again, using the relative ROI intensity before bleaching. To compare the dynamics of different proteins, the means of the fluorescence intensities of the single experiments (5 to 17 experiments) were plotted against time. Only those experiments in which the cells unequivocally grew (extended during the experiment), where only a single focus or cell half was bleached, and where no out-of-focus signals were present during the recovery were finally analyzed.
For FtsZ, we found a rapid recovery of the Z ring (see Fig. S1A and B in the supplemental material), with a recovery half time of 9.7 s, which is close to the previously determined value of 8 s (38) . Recovery was determined from a fit to the raw data (Table 1; see Fig. S1B ). The cytoskeletal elements MreB and Mbl have also been shown to feature rapid recovery of their membrane-associated structures (39, 40) . For GFP-Mbl, we obtained a recovery half time of 4.79 min (see Fig. S2 ), which is somewhat shorter than the value obtained in an earlier study (8.5 min) (39) . These experiments verify that the Z ring remodels within a few seconds, and Mbl structures within a time frame of a few minutes, and validate our experimental FRAP setup.
Exchange of the SMC complex within condensation centers during the cell cycle. We used SMC-GFP and ScpA-YFP to gain insight into the in vivo binding to the chromosome of two components of the SMC complex. When a single ScpA-YFP focus was bleached in one cell half, it quickly regained fluorescence, providing evidence for high exchange rates within the condensation centers during the course of a cell cycle ( Fig. 1A and B ; see Fig. S3D in the supplemental material). Please note that foci show movement within a confined region on a time scale of minutes (17, 18) . For fluorescence intensity profile plots of the panels, see Fig. S3A and B. Interestingly, recovery reached levels of up to 66% (SD of fit ϭ 0.6), although only 50% would be expected upon bleaching of a cell half (Fig. 1C) . These data indicate that during the experimental time of 30 min, substantial de novo protein synthesis may occur. From a fit to the experimental data, the recovery half time was determined to be 4.7 Ϯ 0.6 min ( Fig. 1C; Table 1 ), i.e., a small fraction of the cell cycle of about 93 min. When an entire cell was bleached on purpose, fluorescence of ScpA-YFP foci recovered within a few minutes ( Fig. 1D ; Table 1 ), although more slowly than that in half-bleached cells. This experiment supports the idea that the exchange of ScpA molecules within the centers may be based, at least in part, on de novo protein synthesis, and not solely on the exchange between assembled and freely diffusing molecules. It should be noted that due to the maturation of green fluorescent protein (GFP) or yellow fluorescent protein (YFP) (7 to 30 min) (41, 42) , recovery based on new protein synthesis is seen for proteins synthesized much earlier than during the actual experiment. For ScpB, it was more difficult to obtain accurate FRAP data, which showed large variations due to low signal intensities. In principle, ScpB also showed exchange rates in the range of those of ScpA (data not shown). Thus, at least the ScpA subunit of the SMC complex, and likely also ScpB, shows dynamic on and off rates within the condensation centers, in a time frame of a few minutes.
When SMC-GFP was bleached, fluorescence of the bleached focus also recovered rapidly ( Fig. 2A and B) , with an average recovery half time of only 2.7 Ϯ 0.6 min ( Fig. 2C; Table 1 ). Based on the fact that condensation centers do not show a high degree of variability in size, but deviate by only 25%, on average, these data show that recovery is based on the exchange of bound molecules for nonbound molecules from the surrounding area. Like the case for ScpA, the final fluorescence recovery was 67.9% Ϯ 3.8%, indicating a significant contribution of de novo protein synthesis. We have found that fluorescence of SMC-GFP in anucleate cells is similar to background fluorescence (13) , suggesting that most SMC molecules are present on and bound to the nucleoid. Thus, the recovery half time of 2.7 min for one condensation center indicates a high and constant turnover rate, i.e., association with and dissociation from DNA. Thus, the central SMC component, as well as the assumed regulatory ScpA and ScpB subunits of the SMC complex, shows dynamic binding to the condensation center, with SMC having considerably higher exchange rates than those of ScpA. These experiments argue against a previous model proposing that SMC molecules are loaded onto newly duplicated chromosome regions at the replication machinery and are transported to the condensation centers (19) . For this scenario, we would have expected a much more gradual and slow regaining of fluorescence, based on a continuous addition of SMC transported along with the newly duplicated DNA. The cell cycle of B. subtilis under our experimental conditions takes about 93 min, whereas SMC centers showed several rounds of turnover within this period. Based on epifluorescence experiments, cells contain very few freely diffusing SMC or ScpA molecules (13, 19) , suggesting that the SMC and ScpA pools within the centers are largely replenished from newly synthesized molecules. However, freely diffusing molecules are detectable only through high-speed acquisitions, and for MukB, such a mobile fraction indeed exists (43) . Thus, a mobile SMC fraction may exchange with the condensation centers. It is possible that SMC is replenished through Spo0J-guided loading at origin regions, where it is enriched, based on CHIP-chip experiments (26, 27) . The bacterial SMC complex thus clearly has condensin-like properties (condensin shows high FRAP rates, with a 2-min recovery half time [44] ) in terms of its continuous association with and dissociation from the chromosome, rather than the behavior of cohesin, which is loaded onto chromosomes during S phase and is released only during anaphase, and thus shows a much more long-lived association with the chromosome (45) .
The number of condensation centers is affected through a clpX mutation. SMC has been shown to be partially proteolyzed within each cell cycle (19) , and the above data suggest that protein turnover may play a role in the exchange dynamics of SMC protein within the condensation centers. ClpX has been shown to affect the stability of SMC during entry into stationary phase (19), so we wished to investigate if a mutation in the major protease in B. subtilis would have an effect on the nature of condensation centers. Therefore, we tested the localization of the SMC complex in a clpX-deficient strain. Note that a clpX deletion mutant has several pleiotrophic phenotypes (46) , and the deletion of an increasing number of proteases leads to additive effects (47) . Thus, as a caveat to the analysis, the effect of the absence of ClpX could be indirect. Interestingly, the SMC complex showed abnormal localization in clpX mutant cells (Fig. 3A) , in that cells contained, on average, 3.2-fold more SMC-GFP foci on the nucleoids than the case in wild-type cells (three to eight foci versus one to four foci in wild-type cells; 220 cells were analyzed), indicating that reduced proteolysis affects the localization of the SMC complex. To rule out an effect of the clpX mutation on cell division, we measured the lengths of 105 cells and found an average length of 3.2 m (SD ϭ 0.8; SE ϭ 0.08), while wild-type cells were 3.1 m long (SD ϭ 0.6; SE ϭ 0.08029). A second interesting phenotype of clpX mutant cells was that a major proportion of cells contained decondensed chromosomes (Ͼ80%; 250 cells were analyzed) (Fig.  3A) , but no anucleate cells were observed. Thus, a mutation in ClpX affects chromosome condensation and the number of SMC condensation centers.
A hyper-DNA-binding mutant of SMC ("transition-state mutant") shows a dominant-negative segregation defect. Because the SMC complex showed high on and off rates on the nucleoids, we wondered if exaggerated DNA binding of SMC may cause a problem during the cell cycle. Hirano and Hirano generated an E1118Q mutant version of SMC, termed a "transitionstate mutant," which shows strongly reduced ATPase activity but a much higher DNA-binding capability in vitro than that of wildtype SMC (14) . It has been speculated that the transition-state mutation locks head domains in a dimeric state (which it does for ATP-binding cassettes of ABC transporters), which would strongly reduce the off rate for DNA release and thus lead to exaggerated DNA binding. We expressed the fusion from the amylase locus under the control of the xylose-inducible promoter. Expression of mutant SMC for 2 h led to a strong growth defect and to numerous different nucleoid morphology defects. Induction of SMC E1118Q led to the formation of nucleoids that were hypercompacted (in 20% of the cells) ( Fig. 3D and F) , stretched and decondensed (60%), cut (15%), or misplaced (5%) in the cells (Fig. 3D, E , and G), in contrast with wild-type nucleoids (Fig. 3B) . Different nucleoid morphologies did not correlate with cell size, and thus with a particular state of the cell cycle. Growth of cells ceased after 4 to 5 doubling times (data not shown), revealing that extended expression of SMC E1118Q was toxic for the cells. Even in the absence of induction, a subset of the cells (20 to 30%) displayed all phenotypes described above, but in a less pronounced fashion. Contrarily, overproduction of wild-type SMC does not slow down the growth rate and leads to general hypercompaction of nucleoids (13), but not to any other of the observed changes due to expression of mutant SMC. Therefore, the transition-state mutation is dominant and blocks chromosome segregation in B. subtilis. Strikingly, the single point mutation also led to a severe alteration of cell morphology. Concomitant with increasing changes in nucleoid structure, cells became irregularly curved and bent ( Fig.  3D and G) , and often had an irregular width. These data indicate that the shape of the nucleoid may have an effect on the shape of the cell, with the caveat that alterations in cell morphology may be based on misregulation of gene expression through the SMC E1118Q mutation.
Despite many attempts, we have not been able to generate a transition-state SMC-GFP version for study of its localization. However, to visualize the formation of the bipolar condensation centers, we monitored ScpA-YFP as a marker for the SMC complex. In contrast to the bipolar wild-type pattern of localization (Fig. 3C) , ScpA-YFP formed more foci (between 4 and 9), exclusively on the nucleoids, upon the induction of transition-state SMC in a majority of the cells (Fig. 3I and J) , or a single, less discrete focus (Fig. 3H) , showing that the induction of mutant SMC affects the localization of the entire SMC complex, which localizes to many more sites in the cell than under normal conditions. To test for the exchange dynamics of the irregular ScpA foci, we performed FRAP experiments, again bleaching a cell half. Figure 3K shows that bleached ScpA-YFP foci reappeared, with a somewhat longer half time of 6 Ϯ 1.1 min than the 4.7 Ϯ 0.6 min in wild-type cells (Table 1 ; Fig. 3L) , showing that the defect in activity caused by transition-state SMC affects exchange rates of its complex partner ScpA.
Spo0J shows slow exchange around origin regions on the chromosome. Spo0J binds to at least 8 specific sites on the chromosome, surrounding the origin region (comprising about 20% of the chromosome), and is involved in the initiation of replication and ensuing segregation of chromosomes (23), as well as in loading of SMC onto DNA at the origin region (26, 27) . Due to the compaction of the chromosome (and the limit of resolution of light microscopy), all binding sites can be seen as a single focus within growing cells. Figure 4A shows an example of a cell containing four Spo0J-GFP foci (corresponding to four origin regions), which is at a late stage in the cell cycle and soon to divide. Two origin regions in the right side of the cell are in close proximity and were bleached; they regained fluorescence within several minutes and separated from each other 12 to 13 min after the bleach. In Fig. 4B , the single bleached Spo0J-GFP focus also regains fluorescence, but much slower than the SMC complex. In Fig. S3E in the supplemental material, in the cell adjacent to the partially bleached cell, a single Spo0J-GFP focus can be seen to duplicate between 22 and 29 min after the bleach, showing that the cell cycle continued under the experimental conditions. Figure 4C reveals that Spo0J-GFP fluorescence also recovered exponentially, but much more slowly than that of the SMC complex: after 10 min, only 20% of the Spo0J molecules were exchanged. The recovery half time was determined to be 23.4 min ( Table 1) . Slow exchange may be based on a mixture of two presumed fractions of Spo0J: one dynamically exchanging fraction, which may consist of Spo0J spreading between the parS sites, and a second, much more static fraction, composed of those molecules that tightly bind to parS sites (23) . In any event, exchange of Spo0J proceeds slowly, such that the origin-proximal site on the chromosome is a rather stable structure in this regard.
DNA gyrase shows limited diffusion throughout the nucleoid. DNA gyrase localizes throughout the nucleoid in B. subtilis cells but is also concentrated at the center of the nucleoid, i.e., close to the replication machinery. Gyrase constantly accumulates at and dissipates from the replication forks, in a time frame of a few minutes; therefore, GyrA-GFP (one of the two subunits of the holoenzyme is fused to GFP) foci are apparent only in a subset of the cells or nucleoids. In Fig. 5A , a large part of a nucleoid (in a cell having two separate nucleoids) is bleached and continuously regains fluorescence. In the experiment shown in Fig. 5B , an entire nucleoid was bleached in a cell having two separate nucleoids. On average, fluorescence recovered to 50% within 5.7 min, with saturation reaching only 36% ( Fig. 5C ; Table 1 ). Because we wanted to minimize the extent of fluorescence excitation, we did not monitor the occurrence of cell division (through the observation of a membrane stain) with every time interval and therefore cannot determine if and when cell division occurred in the larger cells. Because of this caveat, we can make only limited statements about the loss of saturation levels, and our data may be small underestimates of this value. Initially, fluorescence recovery on a nucleoid or part of a nucleoid occurred at the expense of the other nucleoid. This can be seen in the fluorescence loss in photobleaching (FLIP) graph, which was deduced from the fluorescence intensity of nonbleached nucleoids (corrected for the gradual loss of fluorescence in the field due to image acquisition) in bleached cells (Fig. 5C) . Thus, DNA gyrase showed exchange between different sites on the nucleoids in a range of several minutes rather than seconds, as might have been expected for an enzyme that needs seconds or less for its activity at a given site on the DNA. This apparent limited exchange between distant parts of the chromosome could be due in part to a tight association of gyrase with the replication machinery, as seen in previous time-lapse experiments (22) .
DISCUSSION
Our experiments reveal important novel insights into the mode of interaction of the SMC complex with the nucleoid, as well as distinct binding dynamics of major nucleoid-associated proteins in exponentially growing B. subtilis cells. The SMC condensation complex shows exchange rates of a few minutes within the condensation centers, one or two of which are present in each cell half. This finding has important implications for the mode of DNA binding of the complex. The SMC complex binds to DNA as a ring-like complex and can bridge distinct DNA molecules. It condenses the entire chromosome and constrains supercoils in vivo (6) . Based on the high-level exchange dynamics, we conclude that the SMC complex does not bind statically to the chromosome and capture DNA strands but shuttles on and off its substrate, capturing and releasing DNA strands in a time frame of a few minutes. Thus, the B. subtilis SMC complex, with a recovery half time of 3 to 4 min, is much more similar to the dynamic condensin complex (2-min recovery half time) (44) than to the more stably bound cohesin complex, which tethers together sister chromosomes (9-to 25-min recovery half time) (45, 48) , and this may be true for many bacteria. Interestingly, the SMC dimer subunit exchanged almost twice as fast as the ScpA complex partner (2.7-min versus 4.7-min recovery half time) within the centers. Any complex is in equilibrium with its nonbound constituents, and ScpA and ScpB have been shown to form a stable subcomplex in vitro, while free and ScpAB-bound SMC fractions exist in cell extracts (19) . Our in vivo findings suggest that there is a larger pool of free SMC than free ScpA in the cell, such that upon dissociation of the complex, SMC is exchanged more rapidly between condensation centers and the surrounding space than the ScpAB subcomplex. It was recently shown for MukB that besides the static pool in the condensation centers, a mobile fraction outside the centers exists in vivo (43) , in agreement with the above idea underlying the different dynamics of the SMC subunits. It remains to be investigated if less free ScpAB indeed exists in cells, which would set up the asymmetric exchange. Based on the fact that a mobile fraction of MukB (and of SMC [our unpublished results]) exists outside the condensation centers, it is possible that the mode of DNA binding is different between condensation centers and nonspecific sites on the chromosome.
An additional novel concept is our finding that de novo protein synthesis plays a role in the exchange dynamics of SMC and ScpA within the condensation centers, suggesting that the released components of the SMC complex are degraded to some extent and are exchanged for newly synthesized molecules. This is unusual for B. subtilis cells, because more than 95% of all soluble proteins expressed during exponential phase are rather stable (49) . We found that in clpX mutant cells, the number of SMC condensation centers increased, and that chromosomes were generally more decondensed than in wild-type cells, indicating that reduced degradation of the complex may affect the formation of the bipolar condensation centers, although the effect of the loss of ClpX activity may be indirect.
A transition-state mutant of SMC has exaggerated DNA-binding abilities and reduced ATPase activity compared with wild-type SMC (14, 50) . The corresponding mutation in the homologous ATP-binding cassette of ABC transporters locks the domains in a dimeric state, and it has been suggested that transition-state mutant SMC does not release bound DNA due to a much reduced opening of the head domains. In Caulobacter crescentus, the mutation is dominant negative, and it has been proposed that it leads to a failure of chromosome cohesion (50) . We found that the induction of transition-state mutant SMC leads to chromosome hypercompaction and missegregation and blocks cell growth. Thus, exaggerated DNA binding blocks proper chromosome segregation in B. subtilis. In contrast to the case in C. crescentus, we take our observations to support the idea that SMC acts as a condensin and that a block in the ATPase cycle is counterproductive for the activity of the SMC complex. We have not been able to test if transition-state mutant SMC has lower exchange rates in vivo, but exchange rates of ScpA are indeed lowered. Thus, induction of mutant SMC leads to the mislocalization of ScpA, and thus of the SMC complex, and to different exchange dynamics, showing that the mutation interferes with the proper functioning of the entire SMC complex, in a dominant manner.
In marked contrast to the SMC condensation complex, Spo0J shows slower exchange from its binding sites at the origin region. Although Spo0J does equilibrate within the time frame of a cell cycle, exchange is slow, indicating that the centromere-like structure is quite stable, which may be important for reliable control of the replication and segregation of chromosomes. Surprisingly, DNA gyrase also shows limited exchange between distinct parts on the nucleoid, with exchange half times in the range of several minutes rather than seconds, although the protein does not have any specific (albeit preferential) binding sites and must cycle on and off DNA in order to perform its function in supercoiling of the chromosome (51) . This finding is interesting in light of the fact that it was recently proposed that a gradient of negative supercoiling from the origin to the terminal region on the E. coli chromosome coordinates changes in gene expression between different growth phases, e.g., exponential versus stationary phase, in conjunction with the chromosomal locations of different histone-like regulatory proteins, which affects the expression of sets of genes mostly positioned within defined chromosome domains (52) . Our finding that gyrase indeed shows limited diffusion through the nucleoid shows that such a gradient of supercoiling is possible, and intriguingly, genes for DNA gyrase are most frequently positioned close to the origin region on bacterial genomes (52) . Thus, limited diffusion through the nucleoid and gradient-like positioning in vivo may have to be considered for many DNA-binding proteins, providing another factor in the generation of genetic noise in a noncompartmentalized cell, in addition to low protein concentration for some regulatory factors or other factors (53) . Inheritance-like phenomena have been observed in bacteria (54) , and limited exchange of nucleoid-associated proteins may provide one basis for these highly intriguing phenomena.
